Abstract Thirty correlated a-decay chains were observed in an experiment studying the fusion-evaporation reaction 48 Ca ?
added more and more chemical elements to Mendeleev's Periodic Table. During the past decade, correlated a-decay chains have been observed in a number of experiments performed at the Flerov Laboratory of Nuclear Reactions (FLNR) in Dubna, Russia. Beams of 48 Ca (Z = 20) impinged on actinide targets (Z = 92-98). The decay chains were interpreted to start from isotopes of elements Z = 112-118, produced via the mechanism of fusion-evaporation reactions [5] [6] [7] . The discovery of elements Z = 114, Fl, and Z = 116, Lv, was acknowledged in 2011 by IUPAC's and IUPAP's Joint Working Party [8] . One reason amongst several concerns a-decay energies of even-even nuclei along a decay chain, which are characteristic for a given decay step and which were independently confirmed in the mean time [9] [10] [11] [12] [13] .
The decay pattern is usually more complex for a decays of odd-A or especially odd-odd nuclei, because they usually proceed to excited states in the daughter nucleus [14, 15] . On the one hand, this hampers indirect methods of determining Z, not least because decay chains along the same isotopes may follow different decay paths depending on the starting point of a certain isotopic decay sequence. On the other hand, the possibility arises to observe X ray photons in the course of the electromagnetic internal conversion decays of the excited states in a-decay daughter nuclei [16] . X-ray energies are predicted with high precision even for the heaviest elements since long (e.g. Ref. [17] ), and they are characteristic for a given proton, hence atomic number [18] . In addition, high-resolution a-photon coincidence spectroscopy such as performed on element Z = 115 decay chains closes in towards nuclear structure studies near the 'Island of Stability' [19] .
The experiment was performed at the GSI Helmholtzzentrum für Schwerionenforschung in Darmstadt, Germany. The UNILAC facility provided a beam of time-averaged 6 9 10 12 48 Ca 8? ions per second at energies of 5.400 and 5.462 MeV/u, i.e. roughly 10% of the speed of light. A beam integral of 6 9 10
18 Ca ions was collected in three weeks. In front of the gas-filled separator TASCA [20] , the heavy-ion beam hit one of four target segments mounted on a rotating target wheel. The segments carried on average 0.83 mg cm -2 thick layers of 243 Am 2 O 3 electroplated onto a titanium support foil [21] . The fusion-evaporation residues were focused towards the TASISpec radiation detector system [22] positioned at the focal plane of TASCA. On the order of 100 charged particles per second reached the 32 9 32-strip double-sided silicon strip DSSSD implantation detector, which is 6 9 6 cm 2 in area and 0.52 mm thick and visible in the photograph of the 'open' TASISpec in Fig. 1a . Together with the implantation DSSSD, four additional DSSSDs of the same size and placed upstream form effectively a cube of 32 9 32 ? 4 9 16 9 16 = 2,048 silicon pixels for charged-particle detection. During the experiment, this cube is housed inside a 0.5-1.0 mm thin aluminum box, and each of the five DSSSDs is backed up by a composite germanium detector of either Clover-or Clustertype for photon detection. These detectors comprise either four or seven Ge crystals, while the combined Si-Ge arrangement gives rise to unprecedentedly high a-photon coincidence efficiency.
The charged particles reaching the implantation DSSSD and those due to subsequent radioactive decays trigger the data acquisition. Position and time correlations of implanted ions and their decays are being searched for in Fig. 1 Colour online: a Photograph of the TASISpec a-photon coincidence set-up [22] in the focal plane of the TASCA gas-filled separator at GSI [20] . See text for details. b Proposed decay chain of 228 115 based on the combined data of Refs. [19, 23, 24] the data, which in the present case has a volume in excess of 2 TB accounting for 1.5 9 10 8 stored events. In this haystack, in total 30 correlated a-decay chains could be discriminated and attributed to the observation of three isotopes of element Z = 115 [19, [25] [26] [27] .
For instance, Fig. 1b shows the result of 53 correlated decay chains associated with the production and decay of the isotope 288 115. The averages are based on 22 of the 30 individual chains from our experiment [19] merged with 31 chains from studies by Oganessian et al. [23, 24] . In fact, this decay chain in Fig. 1b is the hitherto best studied of all those produced in any of the 48 Ca-plus-actinide-target reactions [5] [6] [7] ; not only in terms of plain statistics, but thanks to our experiment also in view of spectroscopic precision. This is highlighted by having measured the first a-c coincidences and a-X-ray candidates for Z identification of these very heavy nuclei [19] .
In several publications, more details can be found on the preparations of our experiment [28, 29] , its set-up [22] , the experiment itself [19, 25] , data analysis procedures [26] as well as discussions related to the remaining 30 -22 = 8 chains also associated with isotopes of element Z = 115 [25] .
In the following, the focus lies on the a-decay of 288 115 and more general Q a values along the decay chain starting with that isotope. The experimental spectrum in Fig. 2d provides the energy measurements of nine so-called 'full-energy' 288 115 decay events in the TASISpec implantation DSSSD together with five so-called 'reconstructed' 288 115 decay events. In case of the latter, the a particle leaves part of its energy in the implantation DSSSD before it comes to rest in one of the four upstream DSSSD detectors. In panel (e), 21 more full-energy events from Refs. [23, 24] are added. Since different energy measurements are associated with different uncertainties and because reconstructed events naturally are less precise (cf. Ref. [28] ), the various single counts in panels (d) and (e) do not have equal weight in the energy domain. To account for this issue, each count in the spectrum can be best replaced by a Gaussian distribution with the centroid being the measured energy and the width corresponding to the reported uncertainty, as they are listed in the respective tables of Refs. [19, 24] . The continuous energy distribution in panel (e) thus represents the sum of these Gaussian-shaped distributions. In any case, the most prominent feature of the experimental data displayed in Fig. 2d , e is the absence of a single, dominant a line-if there were, for instance, a single ground state-to-ground state a decay, all events together would rather form a peaklike structure with a full width at half maximum (FWHM) of *50 keV. This is obviously not the case.
Consequently, one or several a decays into excited states of 284 113 have to be considered. Excited states typically continue to decay towards the nuclear ground state by electromagnetic radiation, i.e. either by emitting c rays or by internal conversion. The latter is generally much more likely for low-energy transitions in superheavy nuclei [31] . Since the time difference between a decay and subsequent electromagnetic decay is usually confined to a few hundred nanoseconds (denoted as 'prompt coincidence'), neither the DSSSD itself nor its conventional read-out electronics is able to distinguish between signals from a-particle or conversion electron interactions in a given pixel of the DSSSD. This leads to summing of a-particle and conversion electron energies, either fully or partially, and in the end follows a broadened distribution of measured energies [32] -like the experimental one observed in Fig. 2d , e. For complex decay schemes such as those in Fig. 3 the resulting energy spectrum is practically impossible to assess 'by hand', simply because there are too many options of, e.g., conversion or c-ray decay probabilities, or full or partial detection probabilities for a series of conversion electrons. Instead, we developed a TASISpec detector system in virtual GEANT4 Monte Carlo space, which allows us to simulate the TASISpec response to as many as considered necessary, virtual element 115 decays [30, 33] .
Three different decay scenarios with varying ground state-to-ground state Q a values are shown and investigated in Figs. 2 and 3 . Panels (a)-(c) in Fig. 2 provide the arbitrarily normalized results of 100,000 simulated decays of the corresponding 288 115 decay schemes in Fig. 3 . As a starting point, a single a decay into an excited state of 290 keV is assumed, which cascades towards the ground state by four highly converted transitions is discussed for three Q a values in panels (a). Four equally intense a-particle decays into the four excited states are presented in panels (b) exploring two Q a values. A rather simple case with an a-decay into one excited state at 105 keV is illustrated by panels (c). The decay of 105 keV is highlighted because one 105 keV c may have been observed in prompt coincidence with a 288 115 a decay [19, 25] . Clearly, option (c) yields a too narrow energy spectrum, while options (a) and (b) lead already to reasonably broad simulated energy distributions. Furthermore, options (a) and (b) are not distinguishable based on the existing data, while it is easily feasible to adjust the centroid of the simulated distribution to the observed distribution by chosing a proper Q a value; Q a * 10.75 MeV in case (a) and Q a * 10.70 MeV in case (b). These estimates are based on the position of the centroids of the distributions in Fig. 2 .
To achieve even further improved agreement of the simulations in, e.g., Fig. 2a , with the somewhat broader experimental distribution in Fig. 2e , more phase space for electromagnetic decay may have to be added on the cost of a-particle decay energy. Such kind of self consistency between the simulated spectral response and the observed spectra for a certain physics input, i.e. decay scenario, is going to add significant confidence to the respective physics result. Here, Q a = 10.75(10) MeV can already be safely inferred for the a decay of 288 115. Applying the procedure described above also to the other four Q a values along the 288 115 decay chain provides the experimental values in Fig. 4 [30] . Here, panels a through c refer to panels a to c in Fig. 2 115 decay chain (black dots) with predictions of various nuclear structure models the particle energy spectrum constrain the values even more: Q a ¼ 10:15ð1Þ, 10.10(1), and 9.21(1) MeV, respectively [19] . Due to our high-resolution coincidence technique and Monte-Carlo cross-check, the numbers are much more precise than previous estimates of Q a values of these odd-odd nuclei. Figure 4 compares the experimental Q a results with a number of theoretical predictions using different types of nuclear structure models [34] [35] [36] [37] [38] [39] . All models essentially agree that 276 Mt; 272 Bh, and 268 Db exhibit rather constant quadrupole deformed shapes with a basic deformation parameter of b 2 $ 0:2.
280 Rg is predicted slightly less deformed, while the predictions at the beginning of the chain range from slightly oblate via near-spherical towards almost prolate superdeformed. Indeed, the Q a values of the lighter members of the chain are rather well described by almost all the models, which provides confidence that these nuclei are in fact moderately prolate deformed. Interestingly, however, none of the models appears to be able to describe the complete sequence from 288 115 via 284 113 to 280 Rg, i.e. the regime where different shapes are predicted. Since these differences have their origin in the underlying shell structure, in particular the amount of magicity or size of the shell gap at Z = 114, it will be interesting to see which model and/or which parametrisation is going to yield a consistent description of all Q a values along the 288 115 chain. One experimental note of caution must be added though: It cannot be excluded that the decay chain starts from an excited isomeric state in 288 115. While this can in principle lead to a too high-but not too low-experimental Q a value somewhere else in the chain, the discrepancy of more than 400 keV at 284 113 between experiment and lower-lying theoretical numbers seems difficult to be solely attributed to this explanation. Certainly, more dedicated nuclear structure assessments need to be performed, including possible Nilsson-orbit occupancies of the unpaired proton and neutron along the 288 115 decay chain.
''In conclusion, thirty correlated a-decay chains were observed following the reaction 48 Ca þ 243 Am. Decay schemes arising from high-resolution spectroscopic coincidence data, in conjunction with comprehensive MonteCarlo simulations, open the door for direct nuclear structure insights of these heaviest man-made atomic nuclei. Previous assignments linking the majority of the decay chains to the decay of 287,288 115 [23, 24] are confirmed'' [19] . These features are exemplified by a concise study of the a-decay properties of 288 115 and its implication on predicted Q a values.
